A pivotal feature of long-lasting synaptic plasticity is the localization of RNAs and the protein synthesis machinery at synaptic sites. How and where ribonucleoprotein (RNP) transport granules that support this synthetic activity are formed is of fundamental importance. The prevailing model poses that the nuclear pore complex (NPC) is the sole gatekeeper for transit of cellular material in and out of the nucleus. However, insights from the nuclear assembly of large viral capsids highlight a back door route for nuclear escape, a process referred to nuclear envelope (NE) budding. Recent studies indicate that NE budding might be an endogenous cellular process for the nuclear export of very large RNPs and protein aggregates. In Drosophila, this mechanism is required for synaptic plasticity, but its role may extend beyond the nervous system, in tissues where local changes in translation are required. Here we discuss these recent findings and a potential relationship between NE budding and the NPC.
A pivotal feature of long-lasting synaptic plasticity is the localization of RNAs and the protein synthesis machinery at synaptic sites. How and where ribonucleoprotein (RNP) transport granules that support this synthetic activity are formed is of fundamental importance. The prevailing model poses that the nuclear pore complex (NPC) is the sole gatekeeper for transit of cellular material in and out of the nucleus. However, insights from the nuclear assembly of large viral capsids highlight a back door route for nuclear escape, a process referred to nuclear envelope (NE) budding. Recent studies indicate that NE budding might be an endogenous cellular process for the nuclear export of very large RNPs and protein aggregates. In Drosophila, this mechanism is required for synaptic plasticity, but its role may extend beyond the nervous system, in tissues where local changes in translation are required. Here we discuss these recent findings and a potential relationship between NE budding and the NPC.
One of the most extraordinary events during the evolutionary progression from prokaryotes to eukaryotes was the ability to use membranes to insulate cellular compartments with distinct functions (Rout and Field, 2017) . This cellular compartmentalization increased the capacity to use relatively few biochemical pathways and networks to independently control an increasing number of cellular processes. It is also likely pivotal for the support of the enhanced signal complexity required to form and maintain multicellular organisms. Perhaps one of the most relevant examples of this cellular partitioning is the segregation of gene transcription in the nucleus from protein synthesis in the cytoplasm, which is particularly consequential for neurons. A case in point is the manifestation of long-lasting synaptic plasticity, and thus learning and memory. These processes require the spatial and temporal pairing of electrical activity at synaptic sites, far away from the soma and nucleus, to the translation of RNAs that are localized to these synaptic locales (Hutten et al., 2014; Schuman et al., 2006) . Unlike in prokaryotes, where transcription and translation are tightly coupled, long-term synaptic plasticity requires the temporal and spatial separation of the processes of transcription, nuclear export of translationally dormant mRNAs in ribonucleoprotein (RNP) granules, cytoplasmic transport of these granules to dendritic spines, and the localization of these granules at these sites. Long-term plasticity-eliciting stimuli can then be rapidly coupled to translational initiation at specific synaptic locations, with the resulting newly synthesized proteins contributing to long-lasting changes in synaptic structure and function. At each juncture of this entire pathway, there are regulatory mechanisms that influence the final outcome (Hutten et al., 2014) . While much progress has been made in elucidating some of this regulation, there are still many gaps in our understanding of these processes.
How and where are these RNPs assembled (e.g., cytoplasm versus nucleus)? RNAs are invariably bound to proteins, and RNP granules observed in the cytoplasm of neurons are extremely large, sometimes reaching 100-1,000 nm in diameter (El Fatimy et al., 2016; Knowles et al., 1996; Krichevsky and Kosik, 2001 ). These are well above the stipulated maximal size of endogenous molecular ensembles (39 nm) known to exit the nucleus through the nuclear pore complex (NPC) (Panté and Kann, 2002) . This size discrepancy led to the hypothesis that large RNP granules are assembled in the cytoplasm (El Fatimy et al., 2016) . For example, studies of relatively large (50 nm) RNPs, such as the Balbiani ring granules in the nucleus of salivary gland cells of the blood worm Chironomus tetans larvae, which are just above the size cutoff for NPC-mediated export, suggest that ring granules unravel into a thin ribbon while crossing the NPC (Mehlin et al., 1991) . Perhaps this shape flexibility is made possible by the recently described liquid droplet-like properties of RNPs (Lin et al., 2015) . Where and when RNPs are formed has critical implications not only for neurons and circuits but also for any polarized cell type. For example, the nuclear packaging of cotranscribed RNAs into a large RNP granule in the nucleus could allow for the co-transport and local co-translation of an entire protein complex, as a unit, at specific dendritic spines. This would contrast with a rather wasteful alternative activity of recruiting single mRNA-containing RNPs and their confluence to such remote sites. In addition, co-packaging of multiple copies of a mRNA transcript might provide a rapid source for bulk protein production at rapidly growing sites.
This Review discusses what is likely to be a ''rediscovered'' mechanism for the formation and nuclear export of very large macromolecular complexes. These include gigantic RNPs (megaRNPs), which are exported from the nucleus to the cytoplasm. From there, they are directed to postsynaptic sites of rapidly developing synaptic arbors. This process appears independent from canonical NPC export, although this view is still very much under scrutiny. This ''back-door'' mechanism of nuclear escape, referred to as nuclear envelope (NE) budding, resembles the mechanism by which capsids of the herpesviruses (Hv) egress the nucleus (Hellberg et al., 2016) . Strikingly, suggestions of back-door nuclear exit as an endogenous cellular process were hinted by ultrastructural examination of a variety of cells and tissues during the 1950s and 1960s (see below). However, the initial interpretation of these anatomical observations as a nucleocytoplasmic trafficking mechanism was abandoned upon the discovery and characterization of the NPC, as well as its elevation to the grand status of sole gatekeeper of nucleocytoplasmic trafficking (Gr€ unwald et al., 2011) .
This Review critically addresses the potential use of NE budding not only as a strategy for viral replication and infection spread, but also as a potential endogenous mechanism used by cells in the nervous system to export very large RNPs from the nucleus. We discuss the relationship of this process to NPCs and the evidence for and against this breach of a firmly established cell biological dogma. The evidence for NE budding in the nervous system has been supported by published observations at the fly neuromuscular junction (NMJ) (Jokhi et al., 2013; Speese et al., 2012) . However, much of the context through which the proposed cellular biology of this process has been analyzed, criticized, or accepted has come from studies of cells outside the nervous system. Thus, this Review will delve into evidence not just in the nervous system, but also in other tissues or cells, with the objective of summarizing the current knowledge of NE budding as an endogenous cellular mechanism and its potential implications for nervous system development and function.
Nuclear Export
The export of RNAs from the nucleus of all cells, such as neurons and glia, involves the transport of RNA-protein complexes across the double membrane of the NE, the inner and outer nuclear membranes (INM and ONM) . These membranes of the NE are separated by a luminal perinuclear space and contain a myriad of specific transmembrane and membrane-associated proteins with diverse roles (Talamas and Capelson, 2015) . Of these, particularly prominent is the NPC that spans both NE membranes to connect the nucleo-and cytoplasmic compartments. The NPC is a large protein complex composed of 30 different proteins in multiple copies each, which define or support the lining of an aqueous flexible central channel (Hoelz et al., 2011) . This channel is capable of transporting particles up to 39 nm in diameter (Panté and Kann, 2002) , with potential capability to expand up to 50 nm in diameter (Solmaz et al., 2013) . Proteins and RNAs can passively diffuse through the NPC central pore or they are actively transported in and out, depending on their size and specific transport signatures. Numerous factors and pathways exist for targeting nuclear materials for export (Kö hler and Hurt, 2007) . In general, each pathway has one or more export receptors that recognize nuclear export signals (NESs) either in the protein cargo or in an RNA-binding protein. These receptors interact with the NPC to dock the cargo, facilitate its passage through the central pore, and then disassemble the export complex in the cytoplasm (Gr€ unwald et al., 2011) . The two main classes of RNP pathways differ in their dependence on the monomeric G protein Ran, which is predominantly in its GTP-bound state in the nucleus and its GDP-bound state in the cytoplasm. Exportins, such as CRM1, are HEAT-repeat-containing proteins that bind their cargoes in the presence of Ran-GTP and release them upon GTP hydrolysis in the cytoplasm (G€ uttler and Gö rlich, 2011) . CRM1 binds leucine-rich NESs present in many RNA-binding proteins, as well as export adaptors for U snRNAs, 60S pre-ribosomal subunits, and HIV genomic RNA. Other structurally related exportins include those specific for tRNAs (Exp-t/Xpot) and double-stranded RNA-binding proteins and pre-miRNAs (Xpo5). Most cellular mRNAs, however, appear to exit the nucleus through a Ran-independent pathway requiring the export receptor Tap/NXF1 (Carmody and Wente, 2009 ). Tap associates with mRNAs through RNA-binding adaptor proteins or by directly binding to the RNA constitutive transport element (CTE). A key Tap-interacting adaptor is the TRanscription and EXport (TREX) complex (Katahira, 2012) . TREX is assembled at the 5 0 end of the nascent transcript and is composed of, among others, UAP56 and Aly/REF/Yra1p, factors involved both in nuclear export (Zenklusen et al., 2001 ) and mRNA splicing (Libri et al., 2001) .
While NPC-based export mechanisms are likely to support most of the export of endogenous cellular material into the cytoplasm, the infectious cycle of some viruses uses a back door for nuclear egress, NE budding. Viruses of the Hv family, including herpes simplex virus (HSV), package their double-stranded DNA genome into proteinaceous capsids in the nucleus, generating gigantic megadalton complexes (125 nm in diameter), which are much too large to traverse the NPC. In violation of the prevailing dogma, Hv uses a divergent strategy to escape the nucleus-the remodeling of nuclear membranes to bud out of the NE (Hellberg et al., 2016) (Figures 1A and 1B) . In the initial stage of ''primary envelopment,'' Hv nucleocapsids recruit cellular (Leach and Roller, 2010; Park and Baines, 2006) and viral (Mou et al., 2007; Reynolds et al., 2001 ) kinases, as well as other cellular proteins, such as the Pin1 isomerase (Milbradt et al., 2016) , that enable phosphorylation and disruption of the nuclear lamina. The nuclear lamina is a thick meshwork of intermediate filaments localized underneath the INM primarily formed by the Lamins and Lamin-associated proteins (Gruenbaum and Medalia, 2015; Talamas and Capelson, 2015) . After gaining access to the INM in this manner, the capsid becomes enfolded by an INM-derived, outward-facing membrane bud, which is then pinched off and released into the perinuclear space ( Figures  1A and 1B) . In a subsequent ''de-envelopment'' process, the INM-derived membrane enfolding the primary virion fuses with the ONM, allowing the cytoplasmic release of a naked capsid ( Figures 1A and 1B) . In the cytoplasm, the virion is then surrounded by tegument proteins, which interact with the secondary membrane envelope derived from the host cell and exits the cell as a mature virus. Notably, this NE-budding mechanism of nuclear export is frequently used by alphaherpesviruses within neurons. Such is the case of herpes varicella zoster virus (VZV), which causes chicken pox. It is well documented that after chicken pox, VZV can remain latent for prolonged periods within the nucleus of sensory neurons, until a stressful stimulus or compromised immunity reactivates nuclear viral replication and subsequent nuclear egress of capsids into the cytoplasm (Gilden et al., 2013) . After maturation in the cytoplasm, virions are then transported in an anterograde manner through axons and released at nerve terminals, causing shingles.
Thus, the studies of Hv demonstrate an alternative mechanism for nuclear egress that appears to be independent from the NPC. In this process, Hv requires both virally encoded proteins and endogenous cellular machinery for nuclear egress.
NE Budding as a Potential Endogenous Cellular Mechanism for RNA Export
The Drosophila NMJ provided one of the first instances where an endogenous nuclear megaRNP exit mechanism, resembling that of Hv nucleocapsid egress, was identified and partially characterized (Speese et al., 2012) . MegaRNP-like structures present at the NE, which are very similar to those described in Drosophila, were recognized as early as the 1950s and 1960s in wild-type tissues and cells of a variety of distinct organisms, including fertilized mammalian oocytes and embryos (Hadek and Swift, 1962; Szö llö si and Szö llö si, 1988) , pancreatic acinar cells (Clark, 1960) , Drosophila salivary glands and gut (Hochstrasser and Sedat, 1987) , and Easter lilies (Dickinson, 1971) . In some of these cases, it was suggested that the NE-associated granules (referred to as extruded nucleoli, tertiary nucleolus, and nuclear blebbing) might be part of a nucleo-cytoplasmic transport mechanism and that the granules contained RNA. However, their physiological significance remained mysterious.
In Drosophila, evidence for the involvement of Hv-like NE budding in an endogenous process was obtained during the characterization of synapse development at the larval NMJ (Speese et al., 2012) . This is a glutamatergic synapse, whose development is regulated by the Wnt1 homolog Wingless (Wg) (Packard et al., 2002) . Wg is a conserved secreted protein, which was initially identified for its role in patterning a variety of developing tissues during embryogenesis and metamorphosis, and is also required to support the maintenance of adult organs (Gordon and Nusse, 2006) . Activation of several alternative signal transduction cascades underlie the binding of Wnts to their canonical Frizzled receptors (Logan and Nusse, 2004) . At the larval NMJ, Wg signals via its receptor D-Frizzled2 (DFz2) (Packard et al., 2002) . Wg is secreted by motor neurons and bind to DFz2 receptors present at both sides of the synapse, the presynaptic boutons and the postsynaptic muscle region. Therefore, Wg influences the development of both pre-and postsynaptic structures (Packard et al., 2002) . Blocking Wg signaling via a temperature-sensitive mutation (wg ts ) during larval development prevented the normal expansion of the NMJ, resulting in NMJs with far fewer synaptic boutons. In addition, many of the boutons that did form were immature, being devoid of neurotransmitter release sites and apposed postsynaptic structures and proteins. Moreover, activity-dependent synaptic growth and spontaneous neurotransmitter release potentiation were blocked by inhibition of Wg signaling (Ataman et al., 2008 ). These observations supported a role for Wg signaling during pre-and postsynaptic development and plasticity. Congruent with these findings, Wnt signaling was also implicated in the development and plasticity of vertebrate central synapses and the NMJ (Dickins and Salinas, 2013) .
Investigations into an uncharacteristic Wg signaling pathway in postsynaptic muscles led to initial insights for a potential use of NE budding during synaptic development at the larval NMJ (Mathew et al., 2005) . In this Frizzled nuclear import (FNI) pathway, a cytoplasmic fragment of the DFz2 receptor, DFz2C, was cleaved, and the fragment was imported into the nucleus after internalization of the receptor (Mathew et al., 2005) . The nuclear import of DFz2C was dependent on importin b11 and a2 (Mosca and Schwarz, 2010) . Inside the nucleus, DFz2C was shown to be aggregated into prominent sub-micrometer-sized foci of unknown content and function (Mathew et al., 2005) ( Figure 1C ).
Further examination of these nuclear DFz2C foci by super-resolution, confocal, and electron (EM) microscopy revealed that the foci were composed of discrete, electron-dense granules of 200 nm, which were surrounded by INM and the underlying A-type Lamin, LaminC (LamC), and were localized in the perinuclear space (Figures 2A-2D ) (Speese et al., 2012) . This localization was highly reminiscent of Hv primary enveloped virions in the perinuclear space of infected mammalian cells during nuclear egress. Together with the early studies documenting the presence of similarly sized RNA-containing granules in the perinuclear space in a variety of cell types, the above observations raised the possibility that the granules in Drosophila larval muscles might contain RNA. Notably, the formation of nuclear DFz2/LamC foci was enhanced by a spaced stimulation protocol that induces new synaptic bouton formation and the potentiation of spontaneous neurotransmitter release (Ataman et al., 2008) . Furthermore, a genetic block of FNI signaling not only inhibited the induction of the above activity-dependent events, but also the formation of LamC/DFz2 foci, suggesting a role for these nuclear structures in synaptic plasticity.
Labeling larval fillet preparations with probes directed to DNA or mRNA (a poly(dT) probe via fluorescent in situ hybridization [FISH] ) demonstrated that DFz2C/LamC foci contained mRNA, but not DNA (Speese et al., 2012) . The poly(dT) probe intensely marked the foci, indicating an enrichment of poly(A) mRNA within the granules. In addition, 30%-40% of the foci coincided with, or were juxtaposed to, PABP2/PABPN1, a protein that interacts with poly(A) tails of mRNAs (Benoit et al., 2005) . Due to the granule association with mRNAs and proteins, and the enormous size of the granules, they were referred to as megaRNPs (Speese et al., 2012) . These perinuclear granules did not appear to overlap with NPCs when observed at the light and EM level, raising the possibility that, like Hv, they might use a nuclear exit mechanism independent from NPCs. Nevertheless, other studies in yeast and mammalian cells provided alternative views (see below). Is NE Budding an Endogenous Cellular Mechanism for Nuclear Export? While it has not always been accepted in the virus field (Campadelli-Fiume and Roizman, 2006) , there is now formidable evidence that NE budding for Hv egress is the door out of the nuclear confines (Hellberg et al., 2016) . Particularly compelling is the structural analysis of INM vesicle formation during primary envelopment (Hagen et al., 2015; Hellberg et al., 2016; Mettenleiter et al., 2013) . The high frequency of nuclear Hv egress after viral replication renders the observations of each stage of NE budding apparent at high resolution by EM ( Figure 1A ). However, a most important question is: are similar mechanisms of NE budding endogenously used by cells to export cellular cargo? The studies of viruses have taught us that these non-living particles often highjack and take advantage of already established cellular mechanisms to benefit their replication (Alto and Orth, 2012) . Unlike Hv virions, however, the megaRNP granules in wild-type Drosophila muscles are much less frequent, unless the process is frozen at an intermediate stage of nuclear egress, which has been accomplished through mutations in Torsin (see below). This presents a considerable challenge in studying the endogenous process in cells.
Nevertheless, one can surmise that the presence of an endogenous mechanism of NE budding for nuclear export should at least satisfy the following criteria:
(1) There must be a normal endogenous molecular mechanism involving Lamin proteins that targets cargo (possibly megaRNPs) to the NE and that enables cargo to breach the thick lamina network for primary envelopment by the INM. Hv requires A-type Lamin for efficient assembly (Silva et al., 2012) . It also uses both cellular protein kinase C (PKC) (Leach and Roller, 2010) and viral kinases such as pUS3 (Morrison and DeLassus, 2011) . These kinases are used to disrupt the lamina through phosphorylation of LaminA and -B, as well as lamina-associated proteins such as Emerin. Similarly, the primary envelopment of Drosophila muscle megaRNPs requires LamC phosphorylation by atypical PKC (aPKC) (Speese et al., 2012) . Null mutations or downregulation of lamC inhibit INM budding, as determined by assessing nuclear DFz2C/LamC foci formation and ultrastructural , and M.M., unpublished data); (J) Drosophila body wall muscles in animals expressing the dominant-negative mutation LamC-E174K, modeled after a PS-causing LMNA mutation from Li et al. (2016) . Note the highly thickened lamina (black arrows), particularly at the neck of the budding granule. Asterisks, megaRNPs; white arrowheads, NPCs; white arrow, density at the neck of INM tethered megaRNP; Nu, nucloplasm; Cy, cytoplasm; ER, endoplasmic reticulum; INM, inner nuclear membrane; Lam, lamina; ONM, outer nuclear membrane; ribo, ribosome.
examination (Speese et al., 2012) . Conversely, upregulation of aPKC activity by controlled expression of constitutively active aPKC (PKM) increased the number of foci at muscle nuclei (Speese et al., 2012) .
In humans, a large number (355; http://www.umd.be/ LMNA/) of mutations in the A-type Lamin gene LMNA result in disorders collectively called ''laminopathies.'' These include muscular dystrophies, lipodystrophies, cardiomyopathies, restrictive dermopathies, and early aging (Gruenbaum and Foisner, 2015) . Particularly devastating are LMNA mutations causing Hutchinson-Gilford progeria syndrome (HGPS) and progeroid syndromes (PS), which lead to premature senility in children (Gruenbaum and Foisner, 2015) . A potential link between NE budding and LMNA-mutation-induced PS was obtained by modeling a human dominant PS-causing mutation that induces LMNA hyper-assembly in Drosophila LamC (Li et al., 2016) . This mutation inhibited NE budding in muscles at the larval stage and led to NMJ phenotypes resembling those observed upon disrupting Wg signaling (Li et al., 2016) . Importantly, adult flies displayed profound signs of premature aging, including loss of muscle and mitochondria integrity, and defects in protein homeostasis. A potentially causal link between premature aging and NE budding was suggested by the finding that one of the mRNAs present in megaRNPs is the mitofusin Marf, which is required for mitochondrial replenishment through mitochondrial fusion (Li et al., 2016) . Thus, at least some of the laminopathies might result from defects in NE budding.
(2) A second condition is that the INM must be capable of outward budding around the cargo and into the perinuclear space, and there must exist a molecular machinery capable of driving this INM remodeling and scission. In the case of Hv, great progress has been made in the isolation and structural characterization of the nuclear egress complex (NEC), which is composed of viral proteins pUL31 and pUL34 (Bigalke and Heldwein, 2017; Hellberg et al., 2016) . The NEC is essential for INM remodeling and scission during primary envelopment of Hv ( Figure 1B) . However, orthologs of these viral proteins are not readily apparent in the genome of eukaryotic cells.
Several observations indicate that the megaRNP granules observed in wild-type Drosophila nuclei are wrapped by the INM, suggesting an ability of these megaRNPs to remodel the INM and to bud into the perinuclear space. The megaRNPs are enfolded by a membrane that is labeled with antibodies to LamC (Speese et al., 2012) . While much of the required machinery for INM remodeling is yet to be identified in Drosophila, the sole torsin gene, encoding an AAA+-ATPase in the perinuclear space, appears to be involved in pinching off the INM bud (Jokhi et al., 2013 ) (see below). Thus, while most of the machinery required for NE budding has not yet been determined, the identification of NE molecules, such as Torsin, which when mutated are capable of freezing primary envelopment of megaRNPs, provides support to the model that NE budding is an endogenous mechanism.
(3) The INM-derived vesicle at the perinuclear space must be able to fuse with the ONM for cytoplasmic release of cargo, and cellular factors able to accomplish this fusion must exist. Recent studies from HSV egress has implicated b1-integrin and its interacting CD98 heavy chain (CD98hc) (Hirohata et al., 2015) , as well as the linker of nucleoskeleton and cytoskeleton (LINC) complex (Kim et al., 2015) , a protein complex associated with both the INM and ONM, in mediating the de-envelopment process (Klupp et al., 2017) . The LINC complex is composed of SUN-(Sad1/UNC-84 homology) and KASH-(Klarsicht, ANC-1, SYNE homology) domain proteins. SUN-domain proteins are transmembrane INM proteins that interact with lamina proteins and chromatin in the nucleoplasm. Their SUN domains are localized within the perinuclear space, where they interact with the KASH domains of KASH proteins. Besides binding to the SUN domains at the perinuclear space, KASH proteins cross the ONM and interact with the cytoplasmic cytoskeleton (Kim et al., 2015) . Expression of dominant-negative forms of SUN proteins in a rabbit kidney cell (RK13) line, and its subsequent infection with Hv, resulted in expansion of the perinuclear lumen and accumulation of virion particles in this region and in the ER (Klupp et al., 2017 ). This accumulation is proposed to result from interfering with the fusion of the virion primary envelope with the ONM, but the exact mechanism is unknown. Similar phenotypes are observed upon downregulation of b1-integrin and CD98hc in HEp-2, Vero, and 293T cells infected with Hv (Hirohata et al., 2015) . While these proteins are present in Drosophila, their function in megaRNP egress has not been tested.
(4) ''Naked'' cargo must be observed in the cytoplasm after deenvelopment. Electron-dense granules of similar size and appearance to those present at the perinuclear space have been observed in the cytoplasm in Drosophila muscles (Speese et al., 2012) . In addition, time lapse imaging of endogenous RNAs labeled with an RNA-specific fluorescent probe revealed the presence of labeled RNA granules present at DFz2/LamC foci and the exit of these granules from the nucleus at these sites (Speese et al., 2012) .
Note that the above set of criteria does not make any assumptions as to the use of NPC components in the above process. However, at the EM level, recognizable NPCs are not observed at sites of NE budding; they are excluded from these sites (Speese et al., 2012) . This observation does not eliminate the possibility that NPC components, if not whole NPCs, might be present or involved during NE budding, which will be discussed in a following section.
Role of Torsin in NE Budding of megaRNPs in Drosophila and during Hv Nuclear Egress
What are the endogenous mechanisms of NE budding in cells? A small-scale screen using cultured Drosophila Schneider-2 (S2) cells, searching for genes that when downregulated altered the appearance of LamC/DFz2C foci, led to the identification of the single torsin gene present in the entire fly genome (Jokhi et al., 2013) . In contrast, four paralog genes are present in the mammalian genome (TorsinA, TorsinB, Torsin2A, and Torsin3A) (Breakefield et al., 2001) . Torsins belong to the AAA+-ATPase family, which multimerize into rings or spirals to mediate a number of cellular processes, including the disassembly of protein complexes into their basal state, or the reorganization of membranes (Snider et al., 2008) . Of the mammalian Torsins, TorsinA is the best studied, as mutations in this gene, also referred to as DYT1, are linked to a severe movement disorder called early onset dystonia (Breakefield et al., 2001 ). All Torsins are localized within the ER lumen and perinuclear space. The studies in Drosophila larval body wall muscles suggested that Torsin is involved in pinching off the neck of the inbudding INM containing megaRNPs during primary envelopment (Jokhi et al., 2013) . Expression of a dominant-negative point mutation of Torsin (Torsin E/Q), modeled after the most common Dystonia-linked torsin1A mutation, or eliminating torsin with a null mutation resulted in the accumulation of NE buds containing megaRNP granules at the NE (Figures 2G and 2H ). These mutant megaRNPs were arranged in a row of single megaRNPs lining the NE and resembled the blebs observed in dystonia mouse models in both shape and size . These megaRNP were completely surrounded by membrane and projected into the perinuclear space, as expected from primary envelopment at the INM. However, the megaRNPs remained tethered to the INM by an electron-dense neck ( Figure 2G , white arrow), suggesting that the enfolding INM failed to undergo scission (Jokhi et al., 2013) . The ONM, usually decorated by ribosomes, remained continuous at the outer boundary of the perinuclear space, maintaining the normal spacing between the INM (now enveloping the megaRNP) and the ONM ( Figure 2H ). However, in many instances, the perinuclear space appeared enlarged, with the ONM bounding a perinuclear space that surrounded entire groups of megaRNPs ( Figure 2G ). Torsin mutations or knockdown of Torsin elicited identical phenotypes in the many cell types analyzed, including larval muscles ( Figure 2G ), S2 cells, and epithelial cells of the body wall (Jokhi et al., 2013) as well as nurse cells in the fly ovary ( Figure 2H ; T. Thompson, V. Jokhi, and V.B., unpublished data). Unlike the dystonia blebs, however, megaRNPs within these blebs/buds were electron dense, likely due to their RNA content. The lack of electron density in the mammalian dystonia model blebs might be attributed to tissue preparation, RNA degradation, or the alternative materials contained within the granules (see below).
In wild-type Drosophila larval muscle cells, megaRNP granules were rarely tethered to the INM (e.g., Figures 1A and 1C ). This suggested a role for Torsin in pinching off the megaRNP-containing buds from the INM. Support for this model was provided by muscle-specific expression of a Torsin E/Q variant tagged with mini-singlet oxygen generator (mini-SOG), a flavoprotein engineered from Arabidopsis Phototropin 2, which catalyzes the polymerization of diaminobenzidine into an electron-dense product (Shu et al., 2011) . Torsin E/Q is incapable of ATP hydrolysis, thus functioning as a substrate trap . Its expression in larval muscles resulted in the accumulation of the mini-SOG signal at the neck of the megaRNP buds, suggesting this as the site of Torsin function (Jokhi et al., 2013) . The defects caused by the torsin mutant appeared to only disrupt primary envelopment at the INM; EM images showed no noticeable defects in NPCs (Jokhi et al., 2013) .
Studies of wild-type TorsinA overexpression in a PC63 cell line infected with Hv demonstrated that the nuclear egress of Hv was defective in ways that were consistent with defective primary envelopment (Maric et al., 2011) . However, the defect in Hv nuclear egress was not observed when expressing a TorsinA mutant transgene containing the DYT1 mutation. In Drosophila, strong overexpression of wild-type Torsin in larval muscles also interfered with Torsin function, resulting in formation of INM-tethered megaRNPs (V. Jokhi and V.B., unpublished data) . The discrepancy between the studies in flies and mammals could be due to redundancy in mammals. While there is a single torsin gene in flies, the four different torsin paralogs present in mammals could compensate for the lack of a single torsin gene (Kim et al., 2010; Tanabe et al., 2016) .
In mammals, Torsins interact with a number of proteins inside the ER and NE that activate their ATPase activity, including lamina-associated protein1 (LAP1) for Torsins A and B, and luminal domain-like LAP-1 (Lull1) for TorsinA, B, and 3A Zhao et al., 2013) . LAP1 and Torsin form an alternating heterohexameric ring that targets Torsin to the NE and induces its activation (Sosa et al., 2014) . LAP1 deletion in mice mimics the NE blebbing phenotype observed in the nervous system of torsinA mutants, suggesting that LAP1, together with Torsin, might be part of the NE remodeling and scission machinery (Kim et al., 2010; Sosa et al., 2014) . In another study in HeLa cells, a CRISPR/Cas9-mediated KO of Lull1 was investigated (Turner et al., 2015) . Lull1 KO led to dramatic decrease in the production of mature Hv virions. However, nucleocapsids appeared to accumulate in the nucleus at a step prior to NE budding, suggesting a role of Lull1 upstream of this process (Turner et al., 2015) . Given that Hv assembly was defective prior to NE budding, an additional role of Lull1 and its activation of TorsinA during NE budding cannot be ruled out. It is tempting to speculate that the unusual interactions between LAP1 and Torsin in the formation of a heterohexameric ring might provide the force required to pinch off the neck of the INM enfolding the megaRNP.
An alternative interpretation of the perinuclear granules observed upon disruption of Torsin or Torsin activation is discussed in a section below, which suggests a connection of NPCs to the formation of the blebs (referred as to NE ''herniations'' in those studies) resulting from mutant conditions. However, the finding of perinuclear granules in wild-type organisms, the resemblance of the granules to those involved in Hv nuclear egress, and the association of NE budding to a normal physiological process at the NMJ argues that NE budding is unlikely to represent just the consequence of an abnormal cellular state.
NE Budding of megaRNPs in Synapse Plasticity and Development of the Nervous System
Deciphering megaRNP composition was critical for understanding their function. As an initial effort, a gene candidate approach combined with FISH was used to identify several mRNAs present within megaRNPs. Among 20 postsynaptic transcripts tested, six were localized within megaRNPs (Speese et al., 2012) . Of these, the par6 and magi transcripts, which encode postsynaptically enriched PDZ scaffolding proteins, were also found to be enriched at postsynaptic sites. The Par6 protein, in association with Bazooka/Par3 and aPKC, regulates cytoskeletal remodeling during Drosophila synapse development (Ramachandran et al., 2009; Ruiz-Canada et al., 2004) . Magi belongs to the MAGUK family of scaffolding proteins; it is necessary for organizing cytoskeletal signaling complexes at excitatory synapses, including the transduction of signals via MuSK at vertebrate NMJs (Strochlic et al., 2001) . Mutations that perturb megaRNP nuclear exit via depletion of LamC or Torsin or megaRNP transport via Nesprin resulted in a drastic reduction of both par6 and magi mRNA and their encoded proteins at the NMJ (Jokhi et al., 2013; Packard et al., 2015; Speese et al., 2012) . Downregulation of par6 or magi, similarly to wg downregulation, also impaired full expansion of the NMJ, leading to the formation of immature synaptic boutons lacking postsynaptic proteins. These observations led to the proposal that megaRNPs are used for the synthesis of a subset of the postsynaptic protein machinery, likely through local translation of these mRNAs. Such local translation would be needed as the larval NMJs grow exponentially; they dramatically increase the number of synaptic boutons, bouton size, and number of neurotransmitter release sites during the 4 days of larval development. This rapid NMJ expansion requires the continuous and rapid deposit of postsynaptic protein complexes that form or support the maintenance of the postsynaptic molecular machinery. Similarly, spaced electrical stimulation of the NMJ induces the rapid formation of synaptic boutons, a subset of which must mature (Ataman et al., 2006) . This form of activity-dependent plasticity is inhibited by mutations that perturb megaRNP formation or nuclear exit. These findings support the model that megaRNPs contain mRNAs required for the regulation of synapse development and plasticity and that NE budding is crucial for these processes.
In mammals, the role of Torsin1A was investigated as a potential regulator of nervous system development through the NE budding pathway. In particular, to determine whether NE budding was developmentally regulated, the formation of multiple NE buds in the nuclei of differentiating Torsin1A mutant neurons was examined (Tanabe et al., 2016) . Numerous NE buds were found in all brain regions investigated in the mutant, including spinal cord, hippocampus, and cortex, during the period following neuronal migration, with maximal expression observed during synapse formation and circuit maturation. However, multiple NE buds were not observed in mature neurons, likely due to the heightened levels of the TorsinB paralog in mature neurons, which compensated for the loss of Torsin1A.
In wild-type Drosophila larval muscles, NE buds containing megaRNPs are observed in less than 30% of muscle nuclei and at very low frequency per nucleus, suggesting that the NE budding process is quite transient or utilized at very low levels in the normal organism (Speese et al., 2012) . In contrast, when NE budding is blocked by mutations in torsin, almost every nucleus displays a multitude of NE buds tethered to the INM, suggesting that the mutation leads to abnormal accumulations of NE buds containing megaRNPs (Jokhi et al., 2013) . Therefore, the studies of mutant Torsin mouse brains may not reflect the normal (wild-type) frequency of usage of this pathway during nervous system development. Indeed, unpublished studies by Budnik and colleagues in wild-type mice reveal the presence of megaRNPs at the perinuclear space in young mammalian neurons ( Figure 2E ), suggesting that NE bud formation is not just a result of Torsin mutations.
NE Budding and Nucleocytoplasmic Transport of Proteins
Is NE budding an exclusive mechanism for the export of large RNPs? It was initially hypothesized that NE budding could also serve as a nuclear mechanism to export very large aggregates of obsolete/abnormally folded proteins (Rose and Schlieker, 2012) . This could be of crucial importance in the nucleus of neurons which, by virtue of being post-mitotic, do not undergo NE breakdown, and the components of autophagy are present in the cytosol (Luo et al., 2016) . In addition, many neurodegenerative diseases are associated with the formation of protein and RNA aggregates in the nucleus, which might highlight the requirement of a normal mechanism to get rid of these aggregates in healthy individuals (Ramaswami et al., 2013; Woulfe, 2008) Although evidence for such an association between NE budding and the nuclear disgorging of protein aggregates is sparse, it is supported by observations in mammalian and fly cells. For example, it has been shown that granules within the perinuclear space of HeLa cells contained material which was labeled with antibodies to polyubiquitin (Laudermilch et al., 2016) . This material was colocalized with LMNA when Torsins were depleted. Similar observations were made in Drosophila larva showing that a subset of muscle NE LamC foci contain polyubiquitin signal instead of DFz2C (Y.H. Li and V.B., unpublished data) . These observations indicate that the transport of material through NE budding might not be solely dedicated to RNA export, but might constitute a cellular mechanism for the general nuclear export of ultra large cellular cargo that cannot pass through the NPC. Nevertheless, polyubiquitination is also associated with non-degradative mechanisms (Chen and Sun, 2009) , and therefore, the significance of polyubiquitin signal in NE buds is uncertain.
It is important to note that NE budding is unlikely to represent a recently described mechanism for nuclear rupture observed upon induction of apoptosis (Lindenboim et al., 2014) , depletion of LMNB1, and in cancerous cells (Hatch and Hetzer, 2014) . Unlike NE-budding granules, the ''NE bubbles'' formed during nuclear rupture are devoid of LMNA, and LMNB1 depletion increases the frequency of bubbles. Furthermore, NE bubbles are an order of magnitude larger than NE buds (5-10 mm scale as opposed to 0.1-0.2 mm for megaRNPs) and are highly variable in size (Lindenboim et al., 2014) as opposed to the relative homogeneity of megaRNP size.
NE Budding, Torsin, and NPCs Studies in yeast uncovered a nuclear mechanism for the disposal of defective NPCs (Webster et al., 2014) . The surveillance of functional NPCs is mediated by Heh2, a member of the transmembrane INM protein Lap2-Emerin-Man1 (LEM) family, which interacts with early NPC intermediates. Heh2 recruits the ESCRT-III protein, Snf7, and the AAA+-ATPase Vps4 to clear improperly assembled NPC intermediates, which accumulate in a nuclear site called the Storage of Improperly assembled NPCs (SINC) (Webster et al., 2014) . During yeast division, SINC is retained by the mother cells, thus providing a mechanism to prevent inheritance of molecular rubbish by young yeast cells. The relationship between this compartment and its possible disposal through NE budding is at present unknown. However, granules that could be labeled with antibodies against NPC components, which were highly reminiscent of the granules observed in the Drosophila muscle perinuclear space described above, were observed in the nucleus of these old yeast cells (Webster et al., 2014) .
Another instance in which granules similar to Drosophila megaRNPs have been observed in yeast is in the case of yeast mutants containing a deletion of the non-essential NPC subunit Nup116, nup116D. When these mutant cells were grown at the non-permissive temperature (37 C), it resulted in the formation of granule-like, electron-dense material at the NE, surrounded by membrane and projecting into the perinuclear space (Wente and Blobel, 1993) . These structures, although slightly smaller (150 nm), were highly reminiscent of the INM-tethered megaRNP granules induced by torsin mutations in fly cells (Jokhi et al., 2013) and contained Poly(A) RNA (Wente and Blobel, 1993) . The membrane surrounding the granules was proposed to represent a double membrane seal that was continuous with the INM and ONM, which formed over the cytoplasmic face of the mutant NPCs (Figure 3 ). This membrane seal was hypothesized to block traffic through NPCs, which resulted in the formation of a NE herniation (Figure 3) , and accumulation of poly(A) RNA. In support of this view, the dark base of these herniations was of the same diameter as NPCs, and this base was positive for polyspecific NPC antibody (mAb192 and mAb350) labeling, although the preservation of cellular structures in these immunoEMs was low. Interestingly, our unpublished studies show that wild-type yeast cells also contain similar granules at the NE ( Figures 2F1 and 2F2 ) present at low frequency. We replicated the Wente and Blobel (1993) studies with the nup116D mutants, which showed NE granules virtually identical to those observed in wild-type cells ( Figure 2K ), but at a very high frequency (100% of the cells in nup116D versus 1% in wildtype cells; B. Ding, A.M. Mirza, V.B., and M.M., unpublished data). A potential interpretation of these observations is that mutations altering NPC function might lead to upregulation of NE budding, perhaps as a way to circumvent the nuclear export defect.
Another set of observations relating NE granules/herniations to NPCs is provided by studies in HeLa cells deficient for all four Torsins which, as expected, resulted in NE granules/herniations with an electron-dense base (Laudermilch et al., 2016) , remarkably similar to INM-tethered megaRNP granules in fly torsin mutants or nup116D mutant yeast. Using electron tomography of these mutant HeLa cells, it was shown that the base of these INM herniations was also of the same diameter as the NPC, consistent with the studies in yeast (Laudermilch et al., 2016; Wente and Blobel, 1993) . In addition, these bases were positively labeled with antibody mAb414, which binds to FGrepeat of NPC nucleoporins (Laudermilch et al., 2016) . Unlike the NE granule/herniation observed in yeast nup116D mutants, which accumulated poly(A) RNA (Wente and Blobel, 1993) , the granules/herniations in HeLa Torsin mutants were positive for polyubiquitin immunoreactivity (Laudermilch et al., 2016) . It is important to note that yeast lacks a Torsin homolog. The exact relationships between SINC, NPCs in nup116D, and NE granules remains to be determined, despite their morphological similarities at the EM level.
Studies in C. elegans also show that mutations in Torsin (Ooc-5 in worms) lead to the formation of abnormal NPC clusters (referred to as plaques) in germline and gut nuclei (VanGompel et al., 2015) . The ooc-5 mutant displayed a delay in nuclear import, as determined by time-lapse microscopy. Notably, at the EM level, NE granules similar to megaRNPs/nuclear herniations were found to be spatially segregated from the above NPC plaques. It is possible that the aggregation of NPCs into plaques is a side effect of the accumulation of NE buds at the perinuclear space, which could displace NPCs, clustering them together to form a plaque. Clearly, additional studies will be Top: the NE and NPC appears normal in nup116D at 25 C. Bottom: at 37 C, the NPC is perturbed in nup116D mutant following the proposed stages (A)-(C). Adapted from Wente and Blobel (1993). required to understand the relationship between NE budding, torsin, and NPCs.
In conclusion, the observations described above highlight an intriguing back-door mechanism for nuclear exit that is present in normal organisms and supports synapse development and plasticity. The identification of specific mRNAs known to be contained within megaRNPs, enriched at postsynaptic sites, and also required for synaptic development provides important support for the importance of this process. Notably, NE budding of megaRNPs is likely to be used not just for RNA export, but for any large cargo, including protein aggregates or inappropriately assembled protein complexes. NE budding does not preclude the use of NPC components in some or all aspects of this process. In this regard, the observation of RNA or polyubiquitin cargo in conditions where Torsin is depleted or when NPCs are compromised is not surprising. True validation of NE budding as an endogenous mechanism will have to await the identification of cellular machinery capable of remodeling the nuclear membranes. This validation will open new conceptual frameworks to answer many open questions about signal-dependent local translation in neurons and will expand our views regarding how mutations in genes encoding NE proteins lead to nervous system disorders. Future Directions
Generality of NE Budding and Relationship to NPCs. While
NE budding as an endogenous process has so far been only reported for the fly, the presence of perinuclear granules similar to megaRNPs in several species, from mouse neurons ( Figure 2E ) to yeast ( Figure 2F ), provides an opportunity to investigate when and where NE budding is utilized and the generality of this mechanism. It will also be important to determine the contribution of NPC components to this mechanism and whether disrupting NE export via mutant NPCs results in the diversion of at least some RNA cargoes to NE budding. 2. megaRNP Part List. Much insight into the function of megaRNPs will emerge from elucidating the mRNA and protein megaRNP content. Based in our published observations at the NMJ, and our unpublished observations during fly oogenesis, we predict that megaRNPs are used during periods of high demand for localized protein synthesis, such as during the 100-fold expansion of the NMJ, or the generation of large amounts of vitelline granules and chorion components (T. Thompson and V.B., unpublished data) that must be rapidly deposited in the developing egg. An outstanding question is also whether megaRNPs contain multiple different RNAs or multiple copies of one RNA species. Our analysis, using single RNA labeling, supports the latter (A. Noma, M.J. Moore, V.B., and D. Grunwald, unpublished data). However, the limited number of RNAs that have been visualized so far (3 mRNAs) is insufficient to be conclusive. 3. Cellular Functions Supported by NE Budding. In addition to the export of megaRNPs, the use of NE budding to export large protein aggregates out of the nucleus represents an additional pathway that needs to be investigated. For example, do the observed polyubiquitylated proteins correspond to the malformed NPCs that accumulate in the SINC and/or to other defective/aggregated cargos? Are they coupled to the autophagy machinery? 4. Unraveling Mechanisms of NE Budding. Our pilot screen in S2 cells validated an approach to identify molecular components involved in NE budding. This approach led to the identification of Torsin, as an effector of NE budding (Jokhi et al., 2013) . A genome-wide strategy with this system is likely to unravel the entire molecular machinery underlying NE budding. Future biochemical and structural studies will be necessary to elucidate the mechanisms that underpin this process.
Relationship between NE Budding and Laminopathies.
The studies of LMNA PS-causing mutations suggest that defects in NE budding precede aging phenotypes. Furthermore, a component required for mitochondrial dynamics, which is associated with aging, exits the nucleus through NE budding. An important objective will be to determine whether NE budding might at least partly underlie laminopathies and other envelopathies. 6. Signaling Pathways that Activate NE Budding. While the studies in flies show that NE budding is stimulated by Wnt signaling, via DFz2, other signaling pathways and their receptor are also likely to signal NE budding. Many receptors, such as Notch (De Strooper et al., 1999) , EGFR (Lo et al., 2006) , and the atypical Wnt receptor Ryk (Lyu et al., 2008) , were shown to be cleaved and their cytoplasmic domains imported into the nucleus. While, so far, nuclear import of a fragment of these receptors has been associated with the regulation of transcription, it will be important to determine whether these or other receptors might activate NE budding. This signaling is likely to be a critical mechanism of communication between the cell surface and the nucleus, especially under conditions of extensive membrane expansion and remodeling as in developing organisms
